The function of heart valves is to allow blood to flow through the heart smoothly and to prevent retrograde flow of blood. Previous studies have shown that the mechanical properties of heart valve tissues, microstructures of extracellular matrix, and collagen concentrations are the keys to the healthy heart valves and, therefore, are crucial to the development of viable tissue-engineered heart valve replacements. Therefore, this study investigates the relationship between these factors in native porcine aortic and pulmonary valves and provides insights to the healthy heart valves. Heart valve leaflets are prepared for biaxial stretching to obtain mechanical properties. The average collagen concentrations of heart valve leaflets are determined via an assay kit. The results indicate that aortic valves are stiffer than pulmonary valves macroscopically and stiffness varies more in the circumferential direction for the aortic valve than it does for the pulmonary valve. Microscopically, it is due to collagen fibers in aortic valves are more in alignment than ones in pulmonary valves, which are more randomly in direction. Collagen assay results show that collagen concentrations are higher in the edges of pulmonary valves than in aortic valves. The results also suggest the duration of extraction may have significant affects on the concentration results. This work provides quantified stress and strain environment within heart valve tissues to help further studies on how to treat heart valve disease and create more viable heart valve replacements.
INTRODUCTION
Heart valve disease is a widely acknowledged health concern and affects more than 250,000 people in the United States alone and many more worldwide [1, 2] . Diseases such as rheumatic heart disease, infections of the valves (as seen in bacterial endocarditis), chronic or continual long-term wear and tear, and congenital malformations can result in valvular damage. These diseases can lead to two possible problems: stenosis and insufficiency. In the first case the damaged valve can have a smaller opening than the original valve and this is known as "stenosis". With stenosis, the heart has to work much harder at pushing the blood through. Over time this can cause a lot of strain on the heart and could even lead to death. In the second case, valve regurgitation (valve insufficiency), the heart valve doesn't close properly and may allow blood to flow backward. The treatment of heart valve disease is dependent on various factors including but not limited to: how severe the valve disease is, the demography of the patient, and whether other surgeries of the heart are needed simultaneously. No good long-term results for repair of stenosis have been reported from several trial series [3, 4] . According to the data in a twenty-two year period, Bernal et al. [5] reported conservative operations for rheumatic aortic valve disease do not seem appropriate. Conversely, there is growing interest in various repair techniques for insufficiency [6] [7] [8] . However, severe valve damage means that the valve will need to be replaced. In heart valve replacement surgery, surgeons remove the damaged or diseased heart valve and replace it with a mechanical valve or a bioprosthetic valve, typically derived from either porcine valves or bovine pericardium [9] [10] [11] [12] . Bioprosthetic heart valves offer significant advantages over mechanical valve prosthesis, due to their low rate of thromboembolic complications and minimal need of chronic anticoagulation [9, [13] [14] [15] . However, they continue to suffer from degeneration over 10-15 years [16] [17] [18] [19] , resulting in either replacement or failure with consequent morbidity or mortality. A promising future treatment is the tissue engineered heart valve (TEHV). Tissue engineering offers the potential to create cardiac replacement structures containing living cells, which have the capacity for growth and remodeling, potentially overcoming the limitations of current heart valve replacement devices. This is especially the case in pediatric applications, where growth of the replacement valve is essential to eliminate the need for re-operations.
Tissue engineered cardiovascular devices aim to reconcile biocompatibility issues by using biodegradable synthetic or natural materials which are designed to be resorbed and replaced by tissue. The approaches generally begin with seeding cells onto a porous, three-dimensional substrate (i.e., a scaffold). During the subsequent incubation period, the seeded cells produce an extracellular matrix (ECM) of collagens, proteoglycans, and other factors that imbibe water, thus giving rise to a tissue-like appearance. During the course of in vitro incubation the scaffold (e.g., polyglycolic acid (PGA)) degrades and is replaced by the ECM secreted by the cells. Ultimately, the engineered tissue consists of only cells and their secreted ECM, with no residual scaffold material [20] . The collagen concentration in these secreted ECM and engineered tissues is usually quantified biochemically after culturing in bioreactors [21] [22] [23] . It is observed that the amount of extracted collagen in the engineered tissues was lower than that in native adult aortic valves after 16-24 hours incubation [23] . Therefore, to engineer suitable tissues that can be used in the reconstruction of soft tissue, quantitative information of collagen in native tissues is required. Early engineered cardiovascular tissues lacked sufficient mechanical properties for sustaining in vivo hemodynamic conditions (blood pressure), and thus required additional mechanical support [24] . Advances in our understanding of the factors influencing tissue maintenance and development have led to the implementation of bioreactors and mechanical conditioning regimens as a means of improving the mechanical properties of engineered tissues [25] . While several of these methodologies have been directly applied to the development of TEHV, the development of suitable and stable mechanical properties remains the single most important limitation of all TEHV approaches.
In the current study, we report a synergy approach aimed at understanding the interplay of heart valve tissue mechanical property, collagen fibers orientation in the ECM, and with special emphasis on the collagen concentration over different extraction time. Mechanical properties of aortic valve (AV) and pulmonary valve (PV) tissue leaflets, semilunar heart valve leaflets, under biaxial testing are reported. A unique specimen attaching method to the loading system is adapted: it eliminates stress concentrations and localized deformations usually caused by using suturing or wiring attaching methods and it reduces high strains in the regions with clamping or gluing attaching methods. In heart valves, collagen fibers are the main structural proteins responsible for structural integrity and biomechanical strength, and they are correlated to the mechanical behavior of heart valve tissue leaflets. Moreover, since the material properties of the ECM are determined by collagen fiber architecture and collagen concentrations, a systematical examination of the collagen concentration (collagen types I, III & V) evolution at different extraction time is also investigated.
MATERIALS AND METHOD Mechanical characterization of heart valve tissue
Briefly, five porcine hearts from large sows (greater than 300 lbs) are obtained from the Nahunta Pork Center (Pikeville, NC) immediately after slaughtering and are returned to the laboratory within 60 minutes of sacrifice for dissection. The AV and PV are dissected from each heart, and the leaflets are removed from their respective roots. The removal is completed by cutting axially along the aorta and pulmonary artery toward the heart until the valves are reached. Each leaflet is then stretched out and held taut while being cut against the wall of the artery represented by the dashed line in Fig. 1a . A total of 13 AV and 13 PV leaflet samples are prepared (Fig. 1b) . For the biaxial testing, each of six AV and PV leaflet samples (~7 mm x 7 mm) are marked according to the Cartesian coordinate system: the x-axis represents the circumferential direction and the y-axis represents the radial direction of the heart valve tissues. Three dots are marked with a surgical marker after the samples are cut to size: one of the dots acting as the origin and the other two made to define each axis (Fig. 1c) . The samples are stored in Hank's Balance Salt Solution (HBSS) for the relaxation. A biaxial tissue tester (BioTester 5000, CellScale, Waterloo, Canada), equipped with two load cells (500 mN ± 1 mN) for each axis of loading, is used for measuring the mechanical properties of the semilunar heart valve tissue leaflets (Fig. 2) . Synchronized time lapse video for real-time monitoring and post-process analysis is provided by the charged-couple device (CCD) camera, which acquires images with a pixel resolution of 1280×960 at an acquisition rate of 15 Hz, with a lens focal length of 75 mm (Fig. 2a) . A temperature controlled saline bath with data logging capability provides a physiological environment for testing soft tissue specimens.
Specimen mounting is considered as one of the major challenges of biaxial testing [26] . For example, artifacts such as suturing procedures usually cause discrepancy in results due to inconsistent boundary conditions. In contrast, BioRakes provide fast and accurate sample mounting: each BioRake consists of five tungsten tines used to anchor one edge of the specimen [26, 27] (Fig. 2b) . Four rakes provide uniform attachment across the edges of the samples and evenly distribute load spanning 4 mm in length on each side of the sample (Fig. 2c) . This unique feature not only assures the control of boundary conditions, but also significantly reduces the variability between sample sizes. In other words, if the sample size prepared is larger than 4 mm 2 , the active loading area remains 4-mm × 4-mm. After the sample is mounted, the sample is lowered into the HBSS bath, which is heated to 37°C to simulate an in vivo physiological environment. The heart valve leaflet samples are tested up to 35% strain on both axes with a 15 second stretch and a 15 second recovery, with no hold time. The image tracking and analysis software (LabJoy, CellScale, Waterloo, Canada), an integrated image analysis module for Biotester, is used to capture corresponding displacement and strain maps in AV and PV samples during equibiaxial testing. 
Biochemical analysis of heart valve tissue
Collagen concentrations (collagen types I, III & V) of the semilunar valve leaflets are determined via an assay kit (Sircol; Accurate Chemical & Scientific Corp., Westbury, NY, USA) by using techniques adapted from published articles [21] [22] [23] 28] . In brief, 84 samples (~25 x 1 x 1 mm) obtained from seven valves are prepared. For each valve, three samples are cut from the belly region and three samples are cut from the free edges of the leaflets (Fig. 1a) . The samples are weighed using an analytical balance (VWR, West Chester, PA).
Collagen Extraction
To allow the collagen to be extracted from the tissue, 100 ml of collagen extraction solution is prepared, composed of 97.14 ml of distilled water, 2.86 ml of 17.5N acetic acid (Sigma-Aldrich, St. Louis, MO, USA), and 100 mg of pepsin (Sigma-Aldrich, St. Louis, MO, USA). A temporal parametric study is performed to obtain maximum collagen concentration from heart valve tissues. One ml of collagen extraction solution is added to each tube and samples are placed on a vortex mixer (VWR, West Chester, PA) for 24 hours, 48 hours, 72 hours, and 120 hours, respectively. The collagen concentration is quantified based on the precalculated collagen standard curve described as follows.
Collagen Standard Curve Four standards are prepared using 0.5mg/ml collagen standard (Sircol, Accurate Chemical & Scientific Corp., Westbury, NY, USA) with four different volumes: 100µl, 50µl, 25µl, and blank: 0µl. The mass of collagen is calculated based on the concentration and volumes, and results in 50µg, 25µg, 12.5µg, and 0µg, respectively. Four extraction solutions, 0µl, 50µl, 75µl, and 100µl respectively, are then added to four microcentrifuge tubes to make up a total volume of 100µl for each tube.
Collagen Content Quantification
The collagen content is dyed with 1 ml of reagent (Sirius red dye, picric acid, and surfactants), dissolved in 1 ml of Alkali Reagent, and quantified via a spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). A collagen standard curve (y=0.0246x, R 2 = 0.9963) is established via four absorbance values from the standards, where y is the absorbance value at 550 nm, x is the mass of collagen, and R is the correlation coefficient between x and y. The collagen masses of eighty-four samples are calculated by comparing absorbance values to that of the collagen standards. The collagen concentration of each is then calculated by normalizing to the wet weight of the individual collagen sample.
Statistical analysis
Data are presented as the means ± standard deviations. The number of experimental samples is represented as n. Student's t tests are used to test differences in population means. Differences with p<0.05 are considered significant.
RESULT AND DISCUSSION

Mechanical properties of heart valves
After averaging over measured stress vs. strain for AV and PV leaflets samples under equibiaxial testing, the results are shown in Figure 3 . The plot shows the correlation between the strain and the resulting stress in the circumferential (x-axis) and radial (y-axis) directions for both AV and PV samples. In Figure 3 , three zones are observed: zone 1 is between 0% and 18% strain stretching, zone 2 is between 18% and 28% strain stretching, and zone 3 is between 28% and 35% strain stretching. Piecewise Young's moduli of valvular tissues in three zones are listed in Table 1 , and values are expressed as means ± standard deviations for AV and PV samples. The differences between the direction-dependent stress vs. strain curves in AV and PV samples are mainly due to collagen fibers arrangements [29] [30] [31] [32] . Most of the collagen fibers in AV and PV align circumferentially, therefore stiffer mechanical properties in the x-direction are observed.
Mechanical behaviors and their relation to collagen fiber microstructures
In zone 1 (0-18% strain), it is observed that the stiffness in the x-direction is more than twice that in the y-direction for AV samples (AV (1) x : AV (1)y = 89.1±4.63 kPa : 33.94±1.37 kPa≈ 2.6), suggesting that AV has a slightly anisotropic material property in zone 1 (Table 1 and Fig. 3) . In contrast, the stiffness is comparable in the x-and y-directions for PV samples (PV (1) x : PV (1)y = 11.31±0.79 kPa : 11.67±0.61 kPa≈0.969), suggesting that PV exhibits an isotropic material property in zone 1. This could be due to randomly distributed collagen fibers in PV samples being not fully aligned along the circumferential direction before reaching 18% biaxial stretching. The result also shows that AV samples are more than 7 times stiffer than PV samples in the x-direction (AV (1) x : PV (1)x = 89.1±4.63 kPa : 11.31±0.79 kPa≈7.8), but in the y-direction, AV samples are only 3 times stiffer than PV samples (AV (1) Fig. 3) . It is suggested that collagen fibers in AV samples align with the circumferential direction sooner than those in the PV samples before reaching 18% biaxial stretching. In zone 2 (18-28% strain), it is observed that the stiffness in the x-direction is more than 7 times higher than that in the ydirection for both AV and PV samples (AV (2) x : AV (2)y = 825.11±29.19 kPa : 116.43±4.15 kPa≈7.0 and PV (2) x : PV (2)y = 408.23±18.34 kPa : 50.16±2.01 kPa≈8.13, respectively), as shown in Table 1 and Fig. 3 . This finding is comparable to ones reported by Lewinsohn et al. via uniaxial tensile testing [33] and correlates well with the range in previous mechanical characterization studies via force-control biaxial testing [32, 34, 35] . The similar x to y ratio for the mechanical property observed in zone 2 suggests that the distribution of collagen fibers along the circumferential direction versus that along the radial direction is comparable in both AV and PV samples: the degree of anisotropy of fiber distribution is similar. AV samples are twice as stiff as PV samples in both x and y directions (AV (2) x : PV (2)x = 825.11±29.19 kPa : 408.23±18.34 kPa≈2.0 and AV (2)y : PV (2)y = 116.43±4.15 kPa : 50.16±2.01 kPa≈2.0), and it is suggested that collagen fibers exhibit similar arrangements in the AV and PV samples between 18-28% strain (Table 1 and Fig. 3) . However, it is still not clear which intrinsic biological characteristic gives rise to the interesting microstructure features of collagen fibers that reflect back to the measured mechanical property in zone 2.
In zone 3 (28-35% strain), it is observed that the stiffness in the x-direction is more than four times higher than that in the ydirection for AV samples (AV (3) x : AV (3)y = 1577.17±53.69 kPa : 324.93±9.84 kPa≈4.85), where the x to y ratio is lower than that in zone 2 (AV (2)x : AV (2)y = 825.11±29.19 kPa : 116.43±4.15 kPa≈7.0) (Table 1 and Fig. 3) . The decreased x to y ratio of this mechanical property in AV samples suggests that collagen fibers experience most realignment and straightening in zone 2, and therefore exhibit a linear elastic mode in zone 3. Different results are observed for PV samples and indicate that the stiffness in the x-direction is more than 8 times higher than that in the y-direction in zone 3 (PV (3)x : PV (3)y = 1457.19±58.1 kPa : 172.44±5.24 kPa≈8.5), and it has a similar x to y ratio to that observed in zone 2 (PV (2)x : PV (2)y = 408.23±18.34 kPa : 50.16±2.01 kPa≈8.13) (Table 1 and Fig. 3 ). This suggests that collagen fibers exhibit higher anisotropy in PV than that in AV in zone 3. It could be due to collagen fibers being more randomly distributed in the PV leaflets than in the AV leaflets. Therefore, a higher degree of straightening is required for collagen fibers to be fully aligned between 28-35% strain stretching. It is observed that the stiffness is similar in the xdirection for both AV and PV samples (AV (3) x : PV (3)x = 1577.17±53.69 kPa : 1457.19±58.1 kPa ≈1.08), but in the ydirection, the stiffness of AVs is almost twice that of PVs (AV (3)y : PV (3)y = 324.93±9.84 kPa: 172.44±5.24 kPa ≈1.88). Comparing to the result in zone 1, an almost ten-fold increase in the stiffness in the x-direction for AV samples is observed (AV (2) x : AV (1)x = 825.11±29.19 kPa : 89.1±4.63 kPa ≈9.3), while a substantial increase (~36 times) in the stiffness in the x-direction for PV samples is measured (PV (2) x : PV (1)x = 408.23±18.34 kPa : 11.31±0.79 kPa ≈36). In contrast, only three-and four-fold increase in the stiffness in the y-direction for both AV and PV samples is observed (AV (2)y : AV (1)y = 116.43±4.15 kPa : 33.94±1.37 kPa ≈3.43 and PV (2) y : PV (1)y = 50.16±2.01 kPa : 11.67±0.61 kPa ≈4, respectively). These results confirm that this highly anisotropic material property in heart valve tissues is dominated by the orientation of circumferentially aligned collagen fibers [29, 30, 32] . Moreover, collagen fibers in PV samples exhibit stronger realignment beyond 18% strain, and the materials exhibit this anisotropically, rather than isotropically, as ones observed in zone 1.
Comparing the ratios in zone 2 (AV (2)x : PV (2) (2) Fig. 3) .
It is recognized that PV samples start tearing when stretched above 35% strain, as shown in other studies [36, 37] . In this study, we intend to conduct a parametric study comparing AV and PV mechanical properties. Therefore, tissue samples are biaxially stretched only up to 35% strain. For details on how AVs mechanically behave above 35% strain, the reader should refer to other studies [33] .
Collagen Concentration
The collagen concentration is calculated by normalizing the wet weights of individual collagen samples at different time points (24, 48, 72 , and 120 hours), in which the averaged weight of AV leaflet samples in the belly region and the free edge are 0.0336g and 0.0186g, respectively. The averaged weight of PV leaflet samples in the belly region and the free edge are 0.0241g and 0.0161g, respectively. It is observed that extraction time plays an important role in determining collagen concentration in native tissues, for which a minimum of 72 hours of extraction is required to obtain a saturated collagen concentration (Fig. 4) ; the collagen concentration in native heart tissues after 72 hours is more than twice as much as those after 24 hour extraction. It is suggested that tissue engineered heart valve constructs should be designed to have native collagen concentration values comparable to native ones extracted for 72 hours, as reported in the current study. Furthermore, the result shows that the collagen concentration is location-dependent.
It is observed that samples from free edges have higher collagen concentrations than those from belly regions, in both AVs and PVs. It was recently demonstrated that branching fiber bundles could be observed via polarized light microscopy along free edges of heart valve leaflets [38] . Our result suggests that our higher measured collagen concentration at free edges can be attributed to these fiber bundles, which begin at the annulus and branch as they traverse toward the belly region of the leaflets. Lastly, the result shows that native pulmonary valve tissue samples have higher collagen concentrations than those in the native aortic valve tissue samples (Fig. 4) , suggesting collagen concentration is valve type-dependent.
The lower concentration found in AV samples is attributed to the wet weight in the current study. Since AV samples have higher average wet weight, lower collagen concentration is obtained. Although AVs have higher mechanical strength than that of PVs, previous studies have shown that elasticity moduli are correlated with collagen cross-link concentration, rather than collagen concentration in the leaflets [37] . Since collagen concentration extraction time is the focus of the current study, readers should refer to Balguid et al. [37] for more details about crosslinks in native heart valve tissues.
CONCLUSION
The current study provides a simple approach to investigating the mechanical properties of heart valve tissues. In addition, we report the collagen concentration in native semilunar heart valves, and it is observed that extraction time plays an important role in determining collagen concentration in native tissues. The current study provides quantitative mechanical and biochemical data for semilunar heart valve tissues. The result of the study will culminate in synergistic activities between experimental and clinical efforts aimed at breakthroughs in the clinical treatment of heart valve diseases and the development of tissue engineered heart valves.
